Abstract: Pediatric-onset multiple sclerosis (POMS) is an immune-mediated, demyelinating, neurodegenerative disease that accounts for 3-5% of all multiple sclerosis (MS) cases. Although evidence suggests that it has similar risk factors and disease pathophysiology as adult-onset MS (AOMS), there are distinctive features in disease characteristics and patient demographics of POMS that require unique therapeutic development and treatment considerations. Gilenya ® (Novartis International AG, Basel, Switzerland) (fingolimod) is a sphingosine-1-phosphate (S1P) receptor modulator that prevents lymphocytic outflow from peripheral lymph nodes. It has demonstrated efficacy in AOMS. In POMS, there have been three observational studies and one pivotal clinical trial evaluating the efficacy, safety, and tolerability of fingolimod. Currently, fingolimod is the only Food and Drug Administration and European Medicines Agency approved disease-modifying therapy to treat POMS. This review will critically evaluate the available evidence of fingolimod in the treatment of POMS in detail, as well as discussing its treatment implications.
Introduction
Multiple sclerosis (MS) is an immune-mediated, demyelinating, neurodegenerative disease involving the central nervous system (CNS). Typically, MS onset occurs between second and fourth decade of life, however, earlier onset of MS is becoming increasingly recognized, with 3-5% of all MS cases occurring in childhood or adolescence. [1] [2] [3] Pediatric-onset multiple sclerosis (POMS) is defined as onset of disease prior to 18 years of age. Most commonly POMS is seen in adolescence, however, it has been reported in children younger than 10 years old, accounting for <1% of all MS cases. 4 The estimated prevalence of POMS is 2.7-10.5% 5 and estimated incidence is 0.3/100,000-1.8/100,000. [6] [7] [8] Between POMS and adult-onset MS (AOMS), there are differences in non-agerelated demographic characteristics, susceptibility to various risk factors, disease course, and symptomatology that warrant unique treatment considerations. It has been shown that similar genetic and environmental factors contribute to risks for both AOMS and POMS; for example, HLA-DRB1 allele, vitamin D deficiency, Epstein-Barr virus (EBV) seropositivity, and cigarette smoke exposure were associated with an increased risk for MS in numerous epidemiological studies. 9, 10 Unique to POMS, however, is the higher frequency of HLA-DRB alleles compared to AOMS, greater effect of environmental factors during adolescence on future MS risk (such as EBV infection, vitamin D levels and sun exposure, and obesity), and the effect of puberty on MS development. [10] [11] [12] Although there is no clear evidence that POMS is an entirely distinct disease from AOMS in terms of underlying pathophysiology, 13 it has been demonstrated that autoimmune responses in POMS patients may be as robust or stronger than those seen in AOMS patients. 14, 15 The developing nervous system in children and adolescents and immaturity of the immune system may also affect susceptibility of the pediatric population to immune-mediated diseases. The phenomenon of more prominent clinical-radiographic dissociation in POMS as compared to AOMS supports the theory that pediatric brains embody greater CNS reserve and repair capabilities.
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There is also an age-dependent positive correlation with female:male ratio in POMS, seen especially after puberty, suggestive of the hormonal changes that may affect MS risk susceptibility. 16 In conclusion, the differences between POMS and AOMS pose therapeutic challenges that require modifications in both clinical trial design and treatment implementation that take into consideration the unique immune profile and developmental neurobiology of POMS patients. Disease-modifying therapies (DMT) in MS are immunomodulatory agents that reduce relapse rate, lesion burden, and delay disability progression. Injectable therapies, which comprise of interferons and glatiramer acetate, have been approved by the European Medicines Agency (EMA) to treat POMS patients older than 12 years of age. In the United States, they are also considered as standard first-line DMTs in POMS despite lack of Food and Drug Administration (FDA) approval specifically for POMS. They have been shown to be safe and effective in POMS through results of numerous observational studies, unblinded, and small blinded randomized controlled trials. 17 
Gilenya
® (Novartis International AG, Basel, Switzerland) (fingolimod) is an orally administered DMT that originally received FDA approval to treat relapsing AOMS in 2010. It is a sphingosine-1-phosphate (S1P) receptor modulator which promotes the entrapment of circulating peripheral lymphocytes in lymph nodes, thus effectively preventing their entry into the CNS and subsequent inflammatory action. Fingolimod received FDA approval in May 2018 to treat POMS in children 10 years and older, and EMA approval in November 2018 to treat children 10-17 years old with relapsing-remitting MS becoming the first DMT indicated specifically for POMS. The rest of this review will focus on discussing the safety, efficacy, and tolerability profile of fingolimod in the POMS population.
Fingolimod Experience In POMS Observational Studies
Prior to the randomized controlled PARADIGMS trial, 18 fingolimod experience in POMS population has been limited to small observational studies. A German study by Huppke et al, involving highly active POMS patients on either natalizumab or fingolimod published in 2017, analyzed relapse rate and MRI data (including T2-weighted and gadolinium-enhancing lesion number) prior to therapy initiation and at follow-up visits in 6-month intervals up to 18 months post-treatment. 19 There were a total of 23 POMS patients in the fingolimod group with available data. Compared to the general POMS population, the 23 patients in this study had clinical characteristics indicative of more highly active disease (greater number of T2 and/or gadolinium-enhancing lesions, more frequent relapses).
Compared to pre-treatment, there was 75% reduction in relapse rate, 81% reduction in new T2 lesion formation, and 93% reduction in new gadolinium-enhancing lesions post-treatment. There were 7 patients who did experience increase in disease activity after switching to fingolimod, however, they were all younger patients with more aggressive disease at onset and were only switched from natalizumab to fingolimod due to prolonged treatment duration and John Cunningham Virus (JCV) seropositivity. There were no adverse cardiac events or any serious side effects while on fingolimod reported in this cohort. Of the side effects that were observed, there were transient cases of lymphopenia and cough, as well as urinary tract infection and leg paresthesia. Compared to a historical cohort from 2005, the combined group comprised of POMS patients on either natalizumab or fingolimod in this more contemporary cohort experienced lower relapse rate (46% reduction) and had lower Expanded Disability Status Scale (EDSS) scores (44% reduction, lower scores confer less disability). The other observational study of fingolimod in POMS was published by Fragoso et al in 2015. 20 Descriptive data from 17 POMS patients who were treated with fingolimod before the age of 18 were reported. The POMS patients were treated with fingolimod for an average of 8. 21 In this registry, there were a total of 8 patients treated with fingolimod (3 treated within 1 year of symptom onset and 6 treated after more than a year of symptoms since onset). 2 of the 8 patients had altered liver function tests leading to 1 patient eventually discontinuing fingolimod, and 2 patients had abnormal blood counts with 1 patient discontinuing fingolimod as well.
Case Report
Rebound of disease activity following fingolimod discontinuation has been reported in AOMS. [22] [23] [24] To date, there is 1 case report of disease rebound post-fingolimod-discontinuation in POMS. The patient in the case report was diagnosed with POMS at age 11, and had breakthrough disease activity on interferon beta. After switching to fingolimod, she continued to have clinical and radiographic relapses, resulting in fingolimod discontinuation for lack of efficacy. Fifty days following fingolimod discontinuation, she experienced a more severe relapse with significantly increased number of enhancing and non-enhancing lesions on MRI of brain and spinal cord. 25 
Clinical Trial
Currently, there is only 1 published pivotal trial which evaluated efficacy of fingolimod in POMS. The PARADIGMS study is a randomized, multicenter, double-blind, doubledummy, active-controlled, parallel-group trial that compared efficacy of fingolimod against interferon beta-1a in POMS. 18 Patients enrolled in PARADIGMS had confirmed POMS, were 10-17 years old, with EDSS scores ranging from 0.0 to 5.5. They had at least 1 or 2 relapses 1 or 2 years prior to screening visit, respectively, or at least 1 gadolinium-enhancing lesion 6 months prior to randomization.
Patients were randomly assigned to receive either fingolimod (oral 0.25 mg -0.5 mg capsule once daily depending on body weight), or interferon beta-1a (intramuscular injection 30 µg once weekly) for up to 24 months with matching placebo capsules or syringes as part of the double-dummy trial design.
Primary end-point was annualized relapse rate (average number of confirmed relapses/year/treatment period). Secondary end-points included annualized rate of new or enlarged T2-weighted MRI lesions compared to baseline (average lesion number/year/treatment period), time to first confirmed relapse, percentage of patients free of relapse or lesions, number of gadolinium-enhancing lesions, lesion volume, and the safety and tolerability profile of both drugs in this trial. The effect of fingolimod on time to 3-month sustained and confirmed disability worsening from baseline was assessed in a post hoc analysis. Several exploratory end-points in MRI imaging metrics were also included in the trial.
A total of 348 patients were screened, from which 215 patients were enrolled, and 107 patients were randomly assigned to fingolimod and 108 to interferon beta-1a. Trial completion rates were 93.5% in fingolimod group and 81.5% in interferon beta-1a group. The demographic spread of recruited patients in the PARADIGMS trial was similar to that of the general POMS population, with age ranging from 10-18 years old, 62.3% female sex, and disease duration of 0.1-8.2 years. A majority (63.3%) of the patients had not been on any DMTs prior to the trial; of the remaining previously-treated patients, a majority were on interferon (32.1%).
For primary end-point, results from the PARADIGMS trial favored fingolimod. Fingolimod group had significantly lower annualized relapse rate (0.12) compared to interferon beta-1a (0.67). Similar favorable trends for fingolimod were found in secondary end-points as well, including time to first relapse (fingolimod 720 days vs. interferon beta-1a 488 days), percentage of patient free of relapse at 24 months (fingolimod group 85.7% vs. interferon beta-1a 38.8%), annualized rate of new or enlarging T2-weighted MRI lesions (fingolimod 4.39 vs. interferon beta-1a 9.27), gadolinium-enhancing lesions (fingolimod 0.44 vs. interferon beta-1a 1.28). Exploratory analysis involving brain volume change, T2-weighted MRI lesion and gadolinium-enhancing lesion volumes also favored fingolimod. Finally, post hoc analysis of time to confirmed 3-month disability worsening showed that fingolimod significantly delayed its onset compared to interferon beta-1a.
Overall adverse events incidence for fingolimod (88.8%) was comparable to that of interferon beta-1a (95.3%). Fingolimod group experienced more adverse events that led to discontinuation (5.6% vs interferon beta-1a 0.9%). There were more serious adverse events in the fingolimod group (16.8%) compared to interferon beta-1a (6.5%). In the fingolimod group, there were 6 patients who had convulsions compared to 1 patient with convulsions in the interferon beta-1a group. Out of the 6 patients with convulsions in fingolimod group, 2 were categorized as having serious adverse events. There were also single cases of agranulocytosis, second-degree atrioventricular block, elevated alanine aminotransferase and γ-glutamyltransferase levels, autoimmune uveitis, gastrointestinal necrosis, and macular edema reported, among others. Serious infections occurred in 4 fingolimod patients (3.7%) compared to 2 patients in the interferon beta-1a group (1.9%), the infections included appendicitis, cellulitis, gastrointestinal infection, oral abscess, and respiratory tract infection. There were no reports of opportunistic infections, cancer, or death in either group.
Discussion
Fingolimod is an oral DMT for the treatment of relapsingremitting multiple sclerosis. It was approved in September 2010 by FDA to treat AOMS. For POMS, there were no FDA-approved therapies until May 2018. Based on the results of the PARADIGMS trial, 18 both FDA and EMA have approved fingolimod use in POMS population. Results from the PARADIGMS trial demonstrated that fingolimod, compared to interferon beta-1a, significantly reduced annualized relapse rate (82% reduction), annualized rate of new or enlarged lesion formation (53% reduction), and mean number of gadolinium enhancing lesions (63% reduction). Furthermore, fingolimod also significantly delayed time to first relapse and 3-month confirmed disability worsening. Effects reported from the clinical trial were echoed in the limited number of previously published observational studies involving fingolimod in POMS.
19-21
Based on safety and tolerability data from both observational studies and the PARADIGMS trial, fingolimod appeared to be well-tolerated in POMS. Adverse events from aforementioned studies are summarized in Table 1 . While there were no serious adverse events reported in observational studies, there were a few cases of seizures and leukopenia among others in the PARADIGMS trial. In terms of mild adverse events, lymphopenia and mild infectious complications were most commonly reported. It is believed that leukopenia and lymphopenia, as a result of fingolimod's mechanism of action, increase infection risks.
Discontinuation rate of fingolimod was less than 6% in PARADIGMS. Despite only 1 case of macular edema reported in the PARADIGMS trial, similar screening measures for macular edema, as well as for bradyarrythmia and herpes virus infection should be applied when prescribing fingolimod for POMS as per protocol in AOMS. There was 1 case report of rebound disease activity in a POMS patient following fingolimod discontinuation. 25 Therefore, strict adherence should be emphasized to patients when prescribing fingolimod. There is a theoretical risk of PML with Lastly, it is important to emphasize that POMS occurs in the setting of actively developing neurological and immunological systems. The long-term neurodevelopmental effects of fingolimod in POMS is unknown, due to lack of longitudinal data. However, it has been reported that POMS patients experience more cognitive deficits in the setting of slowed whole brain and regional volume growth as well as increased lesion burden in posterior fossa compared to age-matched controls. 26 The benefit of early effective treatment in POMS may be argued based on fingolimod's effect on delaying disability worsening. 18 The unique lymphocytic sequestration mechanism of fingolimod should also be taken into consideration when prescribing fingolimod in POMS patients with maturing adaptive immune systems. The thymus and bone marrow play major roles in the maturation of lymphocytes in the setting of repeated immune challenges. 13 Therefore, the potential long-term effects of fingolimod on the development of comprehensive adaptive immune defense system in POMS need to be carefully weighed.
Conclusion
Fingolimod has demonstrated efficacy in key end-points in POMS population including relapse rate, radiographic lesion changes, and disability. It is well tolerated with mostly mild adverse events such as blood count and liver function test abnormalities and mild infectious events. Limited number of serious adverse events were identified in 16.8% of fingolimod-treated patients in the PARADIGMS trial. It is currently the only FDA and EMA-approved DMT to treat POMS and offers improved disease control compared to current first-line injectable therapies.
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